Abstract-This paper presents a control strategy for a conventional Lundell alternator and an active-rectifier. The control scheme focuses on the minimisation of the stator copper losses of the alternator in an effort to maximise its efficiency. The modulation scheme of the active-rectifier is being investigated with the introduction of three different modulation techniques in order to quantify the effect they have on the alternator's efficiency. Steady-state results from experimental measurements of the alternator rectifier system are compared against a standard passive rectifier. The comparison indicates that the modulation scheme of the active-rectifier is significant to the alternator's efficiency as well as to the overall system efficiency.
I. INTRODUCTION
T HE Lundell alternator is the predominant machine used as a generator in conventional vehicles due to its robustness, wide speed range and cost [1] . Research has been focused on mitigating the inevitable inefficiencies of the existing power generation system either by maximising the power capability of the alternator or improving the efficiency of the rectification stage.
Rees and Ammann [2] propose a synchronous rectification scheme, resulting in efficiency improvement at the low speed end of the alternator. In [3] a MOSFET bridge using synchronous rectification is analysed quantifying the efficiency improvement via fuel consumption. Gorman et al. [4] introduce a synchronous rectifier to maximise the alternator's power at idle speed. In [5] the authors propose a cost-effective method for introducing a MOSFET synchronous rectifier and a control scheme to maximise the output power of the alternator. Efficiency improvement is achieved at idle speed and the work is extended in [6] for the whole speed range of the alternator by introducing winding reconfiguration at 3000 rpm achieving efficiency improvement at cruising speed. In [7] the authors propose power maximisation of a Lundell alternator using either winding reconfiguration or a number of different This work was financially supported by JaguarLandRover Ltd. rectifier topologies. An IGBT based active-rectifier with sinetriangle Pulse Width Modulation (sPWM) is presented [7] . It is concluded that at the low speed end the efficiency of the alternator is increased but not for idle speed, which is decreased [7] . At high speed operation, greater than 4000 rpm, the anti-parallel diodes of the IGBTs are used as a passive rectifier because the sPWM rectifier cannot deliver more power at that speed range [7] . However, the use of IGBTs instead of MOSFETs increases the voltage drop of the rectifier, while the control scheme used is not analysed.
This paper examines the active-rectifier control scheme challenges imposed by the high stator inductance of the Lundell alternator and the low dc-link voltage (14 V). The aim of this paper is to investigate the efficiency improvement of the automotive electrical power generation system, by introducing an active-rectifier using MOSFETs and a control strategy based on a cost function that minimises copper losses. The proposed solution is implemented using three different modulation schemes; sPWM; sPWM with injection of 1/6th of the third harmonic component; Discontinuous Space Vector Modulation (DSVM) to examine the effects of the PWM modulation strategies in the rectifier and system efficiency.
The paper is organised as follows; first, the mathematical model of the generator is presented. Later on, the strategy to calculate the current reference values is developed in an effort to reduce the stator copper losses of the alternator and evaluate the operation of the system. Then, the control strategy is implemented in a Matlab/Simulink alternator model coupled to an active-rectifier, in order to design the cascaded PI controllers scheme. Different modulation schemes are analysed. Finally, an alternator test-rig is used to to generate and compare steadystate experimental efficiency results from the operation of the active and passive rectifier.
II. MODEL OF THE SYSTEM
A Bosch LiX 180 A three-phase sixteen-pole deltaconnected alternator is used as the generator. The field is aligned to the d-axis thus the generated back-emf voltage is aligned to the q-axis. Therefore, rotor position sensing allows to achieve field oriented control [8] . The mathematical representation of the stator voltages at the dq rotor reference frame, seen in Fig.1 .a, is given by equations (1) and (2) and of the rotor field winding circuit by equation (3) [9] .
where V dq are the dq stator voltages, V f is the field winding voltage, I dq are the dq stator currents, I f is the rotor field current, R s is the stator resistance, R f is the rotor resistance, M f is the mutual inductance between the stator and the rotor, L d is the d-axis stator inductance, L q is the q-axis stator inductance, L f is the rotor inductance. ω e r is the electrical speed and 'p' is the time-differential operator.
The active-rectifier is modelled considering the power balance between the ac and the dc side (P ac = P dc ) of the rectifier and ignoring its losses:
m d and m q are the modulation indexes of the rectifier in the d-axis and q-axis respectively. The dc current (I dc ) of the rectifier, as seen in Fig.1 .b, is equal to:
These equations are coupled together to describe the investigated system and assist at the development of the control strategy.
III. CONTROL CHALLENGES
The active rectification of a Lundell alternator at 14V dclink bus sets a number of constraints. First, Lundell alternators feature a high stator inductance [10] . Considering that a typical alternator speed range spans between 2000 rpm and 15000-18000 rpm and the pole-pair number varies between 6 to 8 [1] , it becomes evident that the synchronous reactance will be high, especially at high speed. Second, the requirement for a dc-link bus of 14 V for an alternator unit that delivers almost 2.4 kW imposes the use of high phase current value resulting in significant stator voltage drops at the stator reactance (the ohmic part of the impedance can be neglected). As a result the necessity to overcome high stator voltage drops requires high back-emf values to be generated in order to supply the required load current. In addition, the need to keep the terminal voltage within limits imposes the introduction of a direct axis current, as opposed to control schemes where the direct axis current is set equal to zero [11] .
The generation of the d-axis current results in the increase of the phase current and in turn of the stator copper losses and the rectifier losses. For this reason, the minimisation of this current component, which weakens the alternator's field, is of great importance. In order to achieve that, the phase current phasor must be close to the q-axis of the d-q plane. In this way the q-axis current is maximised and thus the alternator efficiency is increased. For this reason, a cost function that minimises the stator phase current through the minimisation of the alternator's losses is generated [12] . Only at very low power level can I d = 0 [13] .
IV. CONTROL ALGORITHM
Stator copper losses of an automotive alternator are a big portion of the overall alternator losses [14] . The proposed control scheme is based on minimising these losses. The voltage limit of the alternator is given by the following equation:
where V LL is the line-to-line terminal voltage. The later is related to the dc-link voltage usage allowed by the implemented modulation scheme. Substituting in (6) for steady-state conditions, equations (1) and (2) , and taking into consideration that the stator's resistance voltage drop is much lower than that of the reactance:
Ignoring the losses at the rectification stage, the power balance between the alternator's electromagnetic generated power (P conv ) and the dc side of the converter, is:
Iron losses are also ignored, as seen in equation (8), due to the lack of an analytic formula to predict them. Combining equations (7) and (8) and considering a given operation point: alternator speed of 2000 rpm, sPWM with a 14 V dc bus voltage, modulation index of 0.925, and dc power level of 500 W, Fig.2 is generated. The point of maximum efficiency of the alternator occurs, Fig.2.b , where the phase current is minimised, Fig.2.a [12] . However, this does not mean d-axis or q-axis currents have minimum values as seen in Fig.2 .a. In this way the reference values of the d-axis, q-axis and field current values are generated. This process is repeated for different speed points, power levels and modulation schemes in order to generate the optimum operating conditions where the alternator's efficiency is maximum. Fig.3 presents the operating points surface (in red) and the optimum operating points (in black). The surface shows as zero efficiency points the places where the power demand cannot be achieved for a given current. The maximum power level is defined by the thermal current of the alternator, which in turn is mainly limited by the alternator's phase current. The proposed control strategy is implemented using three different modulation schemes, in order to evaluate the efficiency improvements they offer.
A. Sinusoidal PWM
sPWM uses a common high frequency triangular waveform to compare the three-phase sinusoidal waveforms for modulating and control [15] . To describe the rectifier in terms of a control state feedback block diagram the following equation is used [16] .V a1 = 0.5m a V dc (9) where m a is the modulation amplitude ratio and is set to control the peak fundamental phase voltageV a1 with respect to the dc-link midpoint [16] . In this case a delta-connected alternator is used, thus the rms line-to-line voltage is given by:
B. Third Harmonic Injection
Third harmonic injection allows the reduction of the peak of the resultant modulating signal making better use of the dc-link voltage [15] . Therefore, the reference value of the generated modulating signals can be raised to values higher than those of the sPWM as seen in equation (9), leading to a higher alternator terminal voltage [15] . As a result, the maximum peak phase voltage of this scheme is equal to:
Transforming equation (11) into the rms line-to-line equivalent form as for the sPWM:
Comparing equation (11) to the voltage obtained from sPWM scheme in equation (9) for the same m a , there is an increase of 15% [15] . The implementation of this scheme uses the "MIN-MAX" technique according to [17] , which produces the same results as of the direct injection of one sixth of the third harmonic component to the control voltages. This implementation is in essence equivalent to symmetrical SVM in terms of harmonic distortion [18] .
C. Space Vector Modulation
SVM technique allows to represent the rectifier's input voltages to space phasors [15] . This paper uses a discontinuous version of SVM, where switching is not continuous. Therefore one leg of the rectifier does not switch during the switching cycle and is tied either to the negative or the positive dc-link bus voltage [15] . In this way the number of commutations are reduced to two thirds of the continuous SVM, reducing switching losses [15] . Finally, the voltage usage of any SVM technique, continuous or discontinuous, is the same as that of the third harmonic injection scheme [15] , [18] . Table I presents the number of commutations per switching period and the dc-link voltage usage of every modulation scheme deployed in the content of this paper. The ratio between the modulated frequency and the trigger frequency defines the frequency modulation ratio as [16] :
D. Comparison of Modulation Schemes
The above ratio should be an odd integer multiple of three [16] . First, if m f is not an integer the PWM becomes asynchronous and sub-harmonics of the fundamental might be generated [15] . Second, the value of m f should be an odd integer multiple of three in order to cancel the triplen harmonics from the harmonic currents generated by the rectifier [15] , [16] . However, while the alternator speed increases the generated voltage frequency steps up, changing m f . The latter could be adjusted according to the generated operating frequencies using usually a hysteresis block [15] , but that leads to changing the switching frequency of the rectifier, so consistent measurement of the rectifier losses throughout the different speed points would not be possible. For this reason, a number of different speed points were selected representing idle to cruising speed, with a frequency modulation ratio, which is an odd integer multiple of three in all cases as seen in Table II. 
VI. SIMULATION OF THE SYSTEM
The control scheme, presented in Fig.4 , is implemented both in simulation and experiment.
Cascaded PI controllers are used to control the d-axis and q-axis currents as well as the field winding current. Initially, the PI controllers are designed by linear analysis of the investigated system's plant (stator/rotor circuit and activerectifier) in Simulink and selecting an appropriate frequency response for every PI controller according to their Bode diagrams. Simulink's "Linear Analysis Tool" is used for the plant analysis, while Matlab's "sisotool" is used for tuning the respective PI controllers. The inner dq-axes current loops are closed at 2 kHz, while the dc-bus voltage at 200 Hz. The field controller is selected at 10 Hz. The d-axis and field current references are introduced using look-up tables according to the speed of the alternator and the q-axis reference generated by the dc-link voltage controller. The switching frequency of the rectifier is set at 20 kHz, which is above audible noise, and is kept at this value throughout the different speed points.
VII. EXPERIMENTAL SET-UP
A three-phase bridge rectifier, depicted in Fig.5 , using Infineon IPP120N08S4-03 OptiMos semiconductor devices was designed and built. two N4th PPA5530 power analysers and calibrated current shunts. Fig.9 presents the alternator's test-rig. A conventional vehicle's Internal Combustion Engine (ICE) crankshaft speed varies typically between 800 rpm and 3000 rpm for idle and cruising speed, respectively. The crankshaft pulley to alternator pulley ratio is around 2.5, thus the alternator's speed range is between 2000 rpm and 7500 rpm. Taking into consideration the above, a test bench was designed and configured, capable of simulating the ICE operation and the existing drive-belt gear ratio.
VIII. RESULTS DISCUSSION
The steady-state measurements of the proposed control strategy using different modulation schemes resulted in the efficiency curves presented in Fig.6 to Fig.8 . The body diodes of the rectifier are used for passive rectification in an effort to use comparable components. Three power measurements were captured during the tests conduction, the input mechanical power to the alternator (P mech ), the ac generated power (P ac ) and the power at the dc side of the system ( P dc ). The rectifier efficiency (P dc /P ac ) is presented on the left of every figure, while the overall system's efficiency (P dc /P mech ) is depicted on the right. DSVM and 3rd harmonic injection utilise approximately Fig. 9 . Alternator test-rig 15% more dc-link voltage, thus the calculated current values are lower than those of the sPWM [15] . Therefore, higher overall, system and rectification efficiency is achieved compared to sPWM. DSVM features fewer commutations (8) per cycle than 3rd harmonic injection, as a result there are lower switching losses, thereby reducing rectifier losses [15] . However, the lower number of commutations results in a more distorted ac current waveform, increasing in this way the alternator iron losses [15] . The rectifier and the system efficiency of the active-rectifier's modulation schemes is compromised, while increasing the speed of the alternator, resulting in crossing the passive rectifier's efficiency curve at an earlier point. This behaviour is due to the increase of the stator reactance with speed, resulting in lower I q /I d ratios as the speed increases and consequently stator current and losses increase. The overall system's efficiency of the active-rectifier seems to be compromised with the speed increase too. This could be associated to the generated harmonics on the ac side values as well as the high inductance value of the alternator that requires high d-axis current values.
IX. CONCLUSIONS AND FUTURE WORK
A control design for a Lundell alternator is discussed and implemented using a test-rig. Three different modulation schemes are presented to quantify the efficiency improvements that could introduce, both for the alternator and the overall system. The results of the proposed control strategy are compared against passive rectification. The scheme allows the minimisation of the stator copper losses and the implementation of the DSVM permitting to reduce the switching losses while increasing the overall system efficiency. It is evident that the modulation technique plays a significant role in the system efficiency for automotive Lundell alternators used in such applications. However, the system's efficiency at higher speed and power levels is compromised compared to the passive rectification. Therefore, an active-rectifier can be used at low speed levels, where the alternator can only deliver a portion of its output power, while the passive rectifier can be used for higher speed and power levels (≥3846 rpm) generating in this way a hybrid control scheme for the overall alternator operation range.
